Magnetic nanoparticles, such as superparamagnetic iron oxide nanoparticles (SPIONs) emerged as therapeutic and diagnostic agents due to their biocompatibility, bioselectivity, prolonged circulation, and chemical stability. The aim of this study was to develop novel polymeric-metallic hybrid nanoparticles coated with glycol chitosan (poly-(1,4--D-glucopyranosamine); GC) and loaded with progesterone. The crystalline nanoparticles were characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), scanning electron microscopy (SEM), thermo-gravimetric analysis (TGA), and vibrating sample magnetometer (VSM). Spherical-like superparamagnetic GC coated nanoparticles in the size range of 10-20 nm were prepared. Progesterone release mechanism from GC hybrid magnetic nanoparticles was investigated with the aid of mathematical models. Progesterone release kinetics was shown to differ significantly with pH changes where GC-coated superparamagnetic nanoparticles (Fe 3 O 4 -GC) exhibited swelling at pH 6.5 and shrinkage at pH 7.4. Moreover, metabolic activity assay of C3H10T1/2 cell line cultured with SPION-GC indicated biocompatibility of the magnetic nanoparticles. Taken together, polymeric-metallic hybrid nanoparticles have shown to be a promising nanocarrier system for controlled drug delivery applications.
INTRODUCTION
Due to their magnetic properties and their ability to function at both cellular and molecular levels, the use of magnetic nanoparticles (MNPs) is rapidly growing for biomedical applications such as drug delivery, magnetic resonance imaging, gene delivery, fluid hyperthermia treatment, and tissue engineering. [1] [2] [3] MNPs have desirable physical and biological features including biocompatibility, injectability, high magnetic flux density, and narrow particle size distribution. 1 4 5 In drug delivery application the main advantages of MNPs are their capability to integrate drug payloads with different solubility, and the improvement in the longevity and stability of the therapeutics in the circulation. 3 6 Superparamagnetic iron oxide nanoparticles (SPIONs), a main class of MNPs, have high magnetization in an AC magnetic field that can be demolished once the * Author to whom correspondence should be addressed.
† Present address: The Industrial Pharmacy Department, Faculty of Pharmacy, Alexandria University, Alexandria, Egypt. field is removed. This unique property coupled with less sensitivity to oxidation and recyclability by iron metabolism through normal biochemical pathways makes them attractive for biomedical applications. The effectiveness of SPIONs is strongly dependent on the particle size, thus controlling a monodisperse distribution of the particles is very crucial. [7] [8] [9] Although a size distribution between 10 to 100 nm was suggested to be desirable for SPIONs parenteral administration, 8 9 particle agglomeration due to magnetic dipole-dipole interactions, high surface energy and large surface area-to-volume ratio is a challenge. Stable and aggregation resistant magnetic colloidal suspension can be obtained through surface modification, which creates an electrostatic repulsion between the particles in an effort to attain close to equilibrium condition between attractive and repulsive forces. 2 Numerous studies on surface coating of SPIONs have been performed, such as coating with inorganic materials (e.g., silica 10 and gold 11 ), polymers (e.g., dextran, 12 polyethylene glycol (PEG), 13 alginate, 14 chitosan 15 16 ), and liposomes. 17 Whilst these coating materials enhances the SPIONs biomaterial characteristics, each has certain drawbacks which significantly limits their use in vivo. Some of these disadvantages include but are not limited to: high cytotoxicity, low biocompatibility, limited physiochemical properties, and complicated and/or expensive synthesis methods. For example, silica is unstable under basic conditions and its high porosity leads to oxidation and deterioration of the magnetic core. 18 Natural polymers such as dextran are mechanically weak and tend to break easily restraining controlled drug release. 19 Although synthetic polymers such as PEG have better mechanical strength, they show non-selective adsorption due to their high porosity and they also result in corrosion of the magnetic core. 20 We have previously reported on chitosan coating of SPIONs showing its ability as a good coating material in controlled drug release. 21 However, chitosan has low solubility and restricted ability to be applied in controlled delivery due to its structurally limited sites available for functionalization. This study aims to overcome that challenge by using a chitosan derivative (glycol chitosan (GC)), which to our knowledge had not been used as a coating material for SPIONs in drug delivery applications. The therapeutic agent chosen for this study was progesterone, a 21-carbon hydrophobic steroid female hormone that plays an important role during the reproductive cycle and is also an anti-mineralocorticoid and anti-androgenic agent. 22 Progesterone also showed promising results in prostate hyperplasia treatment, which otherwise leads to cancer in men. 23 Furthermore, it affects sleep patterns and erectile function, 24 and it has positive effects in the neurotransmission system and brain injuries recovery. 25 26 Since iron-oxide nanoparticles have shown potential in therapeutic applications, 27 28 their utility in controlled drug delivery is attractive.
In view of the above, the objective of this work was to investigate GC-coated SPIONs as a nano-carrier system for controlled delivery of progesterone. The proposed inorganic-polymeric hybrid nanoparticles were developed and the effect of pH on the in vitro release kinetics of progesterone-loaded GC-coated SPIONs was investigated.
MATERIALS AND METHODS

Materials
The chemicals used in this study were analytical grade and were used as received without further purification. Ferrous (II) sulfate hepta-hydrate (FeSO 4 · 7H 2 O, Reagent Plus ® , ≥99%) was purchased from Sigma-Aldrich (St. Louis, MO). Progesterone (MW = 314.46, ≥99%), phosphate buffered saline tablets, dialysis kit (Pur-A-Lyzer Mega 12000) with a membrane type of regenerated cellulose, and glycol chitosan (MW = 250,000, ≥60%) were purchased from Sigma-Aldrich. Ammonium hydroxide (28-30% assay) was obtained from VWR International (Mississauga, ON).
Preparation of Uncoated and GC-Coated SPIONs
The general approach used to prepare the magnetic nanoparticles is a modification of the co-precipitation method. 21 However, instead of using two iron salts (ferrous and ferric chloride), only one type of salt was used and the preparation was carried out under atmospheric conditions. These modifications resulted in an easier and less expensive method of preparation, while maintaining the magnetic nanoparticles properties unchanged. The preparation of SPIONs proceeded as follows:
For batch synthesis, 1.4 g of the iron precursor (FeSO 4 · 7H 2 O) were dissolved in 50 mL distilled water under continuous stirring for 30 min at 40 C, until the solution color changed to yellow/green. An alkaline solution (20 mL of ammonium hydroxide) was then added slowly to the mixture to yield a dark green/black solution. The temperature was increased to 90 C while stirring for additional 90 min, after which the mixture was cooled to room temperature. The precipitated SPIONs was separated from the supernatant using an external magnet, washed three times with distilled water (10 mL each) and rinsed with ethanol (5 mL). The SPIONs were left to dry at room temperature for 24 h or for 1 h by using a vacuum oven at 80 C. For preparing GC-coated SPIONs, the particles were treated with three concentrations of GC (0 25 × 10 −3 mmol, 0 50 × 10 −3 mmol, and 0 75 × 10 −3 mmol dissolved in 100 mL of distilled water) under continuous mixing for 24 h.
Preparation of Progesterone-Loaded
GC-Coated SPIONs The progesterone loaded magnetic SPIONs coated with glycol chitosan were prepared with different progesterone initial loading of 5, 10, 15, 25, 50, and 75 mg. Each amount of progesterone was dissolved in 1 mL of acetone in a glass vial and added to 100 mg of SPION with vigorous mixing for 24 h. The progesterone loaded magnetic nanoparticles were washed with ethanol using the same procedure described above and then dried at room temperature. ImageJ software was used to analyze the particle size. A total of 200 particle diameters for each sample were measured to obtain the particle size distribution, and three samples for each GC-coating concentration were analyzed.
Scanning Electron Microscopy (SEM)
The surface morphology was examined using SEM (Hitachi High-Technologies GmbH, Germany). Before examining, the samples were placed on aluminum stabs then sputtered with gold and measured at an accelerating voltage of 20 kV coupled with energy dispersive X-ray spectroscopy (EDX) for elemental analysis.
X-ray Diffraction (XRD) Analysis
The crystallite structure of Fe 3 O 4 nanoparticles was investigated using XRD powder analysis (MiniFlex-Rigaku, The Woodlands, TX) and the samples were exposed to radiation CuK , 40 kV, 20 mA at a wavelength of 1.54 Å. The diffracting angle 2-theta covered from 15 to 65 with a 0.02 step size. 21 
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Fourier Transform Infrared (FTIR) Spectroscopy
A Bruker Vector 22 FTIR spectrometer controlled by OPUS 5.1 analytical software was used to obtain the FTIR spectra of the SPIONs samples in a powder state. The powder was scanned by an attenuated total reflectance (ATR) with resolution of 4 cm −1 and total scans of 32. The samples were scanned between 4000-500 cm −1 .
Thermo-Gravimetric Analysis (TGA)
The weight percentage of GC attached to the SPIONs surface was analyzed by TGA with a range of 25 C to 600 C in air at a ramp rate of 10 C min − 1 .
Powder Magnetization
The magnetic properties were measured using a vibrating sample magnetometer (7407 VSM, Lake Shore cryotonics, Westerville, OH). The magnetic properties of SPIONs samples were studied at moment measure range of 10 −7 to 10 3 emu, 0.05% full scale with field accuracy. All the magnetization measurements were carried out at room temperature under a maximum field of 10 kOe.
Progesterone Loading and
Encapsulation Efficiency Drug loading is defined as the amount of drug encapsulated inside the nanoparticles per unit mass. 21 SPIONs were loaded with various amounts of progesterone, which was predetermined according to its solubility in aqueous solution (5, 10, 15, 25, 50 , and 75 mg). The concentration of encapsulated progesterone was determined by dissolving 10 mg of nanoparticles in absolute ethanol. After 24 h of stirring, the supernatant was analyzed for the progesterone concentration using UV spectrophotometry. The ratio of the amount of progesterone encapsulated in the SPIONs to the total amount of drug loaded is the encapsulation efficiency (Table I) . Each measurement was repeated in triplicate. Equations (4) and (5) were used in the calculation.
% encapsulation efficiency = amount of drug encapsulated total amount of initial loaded drug × 100 (4) % Drug loading = Weight of drug encapsulated Weight of dry nanoparticles × 100 (5)
In-Vitro Release Study of GC-Coated SPIONs
Progesterone release was carried out in a dialysis bag (Pur-A-Lyzer Mega 12000). The dialysis bag insured that diffusion occurred only for drug molecules without the passage of any SPIONs. GC-coated SPIONs at the different coating concentrations loaded with 5 mg progesterone were placed in 10 mL of the release media in the inner tube of the dialyzer. Progesterone was freely soluble in the media with an addition of 0.5 mL of acetone and 0.1% of Tween 20. The dialyzer was placed into a 60 mL beaker containing the release media. Two release media were used: distilled water or phosphate-buffered saline (PBS) to compare the release at different pH values, 6.5 and 7.4, respectively. The setup was placed in an incubating shaker set at 37 C and 300 rpm, in order to maintain homogeneity at the membrane/outer media interface. The progesterone diffusion was measured by sampling 5 mL of the outer solution at predetermined time intervals. Fresh solution of distilled water or PBS solution was replaced in the breaker. The released progesterone was measured at wavelength of 450 nm.
2.7.
In-Vitro Cytotoxicity Study of GC-Coated SPIONs Time-course and dose-course cytotoxicity of the progesterone-loaded GC-SPIONs were evaluated using C3H10T1/2 mouse mesenchymal progenitor cell line, where the metabolic cell activity was measured by MTT assay following the manufacturer's protocol (Vybrant ® , Invitrogen, Burlington, ON). In the dose-course study, cells were pre-cultured for 24 h after seeding at a density of 8,000 cells/well in 96-well plates. Afterwards, C3H10T1/2 were treated with various concentrations of progesterone-loaded nanoparticles (25, 50, 75 , and 100 g/mL) with various coating concentrations of GC in the presence of 10% FBS. After 48 h of incubation at 37 C, MTT solution (5 mg/mL in PBS) was added to each well and the absorbance was measured at 570 nm using a micro-plate reader (UVM 340, Montreal Biotech Inc., Dorval, QC). The same procedure was used in the time-course study; however, 50 g/mL progesterone concentration was tested and cells were treated with progesterone-loaded SPIONs with different GC coating concentrations and without GC coating (as a control). Then, MTT absorbance values were measured following 48 h and 96 h of culture.
Statistical Analysis
Where applicable, experimental data is presented as mean ± standard deviation (SD) and was analyzed statistically by one-way analysis of variance and the level of significance was determined at p < 0 05. Table I . The corresponding histogram of particle size distribution for uncoated and GC-coated SPIONs (GC concentration of 0 5 × 10 3 mmol), determined by ImageJ analysis is shown in Figure 1(C) . Sphericallike agglomerated SPIONs were clearly observed in Figure 1(A) (1-4) , due to the magnetic dipolar forces and van der Waals forces between the nanoparticles. As shown, GC-coated SPIONs maintained nearly spherical shape with wider separation of particles compared to uncoated particles ( Fig. 1(A) ). This suggests that the forces between the particles had likely decreased due to the surface modification with GC coating. In addition, individual particle size had increased because of the GC coating of the SPIONs, starting with particle size of 8 76 ± 2 0 nm for uncoated SPIONs up to 20.40 to ±3.24 nm for highest tested GCcoating concentration (Table I ). The increase in particle size may indicate that GC was evenly surrounding the core SPIONs in a core/shell structure. In Figure 1(C) , uncoated SPIONs tend to show a particle size distribution skewed to the right, while GC-coated SPIONs showed a normal distribution with a narrower distribution range suggesting a lower degree of aggregation with GC coating in comparison to bare SPIONs.
Spherical drug delivery vehicles are much more favored due to their ability to be taken up more readily by the cells than shapes with higher length-to-width ratio, which can enrich the possibilities in terms of controlled release rate, pharmacokinetics, and delivery performance. 31 32 Uncoated SPIONs tended to cluster; however, the clustering decreased as the GC coating was introduced and it further decreased as thicker GC coating was used without affecting the particle morphology. In fact, it is apparent that in the case of Fe 3 O 4 -GC 3 ( Fig. 1(B4) ), the nanoparticles were much more separated and homogenously distributed.
XRD measurements were conducted to verify the formation of crystalline magnetite and that the polymer coating did not affect the magnetite crystalline phase. In Figure 2 (A), iron oxide nanoparticles show sharp prominent peaks at 30.5 (220), 35 .84 (311), 43.46 (400), 53 .90 (422), 57.38 (511) and 62.90 (440) with 311 peak having the highest intensity. 33 34 These peaks with similar intensities and with the corresponding angles were present in all of the tested samples suggesting that the prepared SPIONs by alkaline precipitation corresponded to the pure phase of Fe 3 O 4 and that the preparation was feasible. It was found that the addition of different concentrations of GC coating did not alter the XRD spectrum, since the same peaks were present indicating that the spinel structure of Fe 3 O 4 was retained. 34 The width of the diffraction peak is related to the size of the crystalline particles whereby narrow diffraction peak corresponded to large particle sizes. 29 The average particle size of SPIONs (D) can be calculated using Scherrer's equation (Eq. (6)).
Where, K is a constant, is the X-ray wavelength, is the peak width of half-maximum and is the Bragg diffraction angle. 35 The particle size of SPIONs obtained from XRD increased with polymer coating, which was in good agreement with TEM data (Table I ). The FTIR spectra in Figure 2 around 1630 cm −1 in the pure GC and the coated samples corresponded to the amide bond of the deacetylated section of GC; whereas, this peak was absent in the bare SPIONs. The glycosidic linkage (ether bond) and C-N vibrations appeared at 1110 and 1062 cm −1 , respectively. The peak at 586 cm −1 which appeared only in the coated samples is the Fe-O stretching vibration of Fe 3 O 4 . 36 This shift of the amide bond from 1677 to 1630 cm −1 in GC-coated Fe 3 O 4 NPs indicated the interaction between GC and SPIONs.
The Effect of GC Coating on Thermal and
Magnetic Properties of SPIONs TGA measurements were conducted to confirm the GC coating of the SPIONs and to determine the amount of GC coating (Figs. 2(C and D) ). It is shown that the percentage residual weight for uncoated, Fe 3 O 4 -GC 1, and Fe 3 O 4 -GC 3 were 96.02%, 89.17%, and 90.46%, respectively. This observed weight loss for the GC coated SPIONs is due to the decomposition of the GC coating layer. The TGA results clearly showed that the coated nanoparticles were significantly different from the uncoated SPIONs, and both Powder magnetization was studied to determine how the magnetic properties were affected after surface modification via GC surface coating. Vibrating sample magnetometer (VSM) was used to measure the magnetic properties for uncoated and the three GC-coated SPIONs. Figure 3 shows a typical magnetization pattern for uncoated and GC-coated SPIONs. A superparamagnetic property was demonstrated, where the hysteresis loops for all samples Fig. 3 . Hysteresis curves at room temperature of bare and GC coated SPIONs illustrating the effect of GC coating on the magnetization and the superparamagnetic property of magnetic nanoaggregates. indicated a single-domain magnetic nanoparticle. Retentivity is a measure of the remaining magnetization after the driving field drops to zero, while coercivity is the measure of the reverse field needed to drive the magnetization to zero after it had reached saturation. When these two values approach zero, it indicates a maximum superparamagnetic property. This is a standard property for maghemite and magnetite with diameters between 10 and 20 nm. 38 39 This attractive feature allows them to be recovered from one site and directed to other sites for their reuse in drug delivery applications after the payload is done as they have the ability to demagnetize once the external magnetic field is removed. 40 41 all GC coated samples were superparamagnetic. Within the GC coated SPIONs, the decrease in superparamagnetic property for Fe 3 O 4 -GC 1 and Fe 3 O 4 -GC 3 may be due to the increase in particle size because of the thicker GC layer incorporated as stated in Table I . This is also evident from the increase of retentivity compared to the uncoated SPIONs. The presence of GC on the particle surface decreased their uniformity due to the reduction in the surface moment, which sequentially decreased the magnetic moment of these particles. The measured saturation magnetization values for Fe 3 O 4 -GC 2 and Fe 3 O 4 -GC 3 were close to the uncoated SPIONs value, which in turn, were similar to reported values for other coated systems. 42 43 Interestingly, Fe 3 O 4 -GC 1 showed significant increase in magnetic saturation that needs further investigation. Altogether, the prepared GC-coated SPIONs could provide potential application in targeted delivery with ease of post-delivery separation due to their inherent magnetic properties.
Progesterone Loading and Its In-Vitro Release
Study of from GC-Coated SPIONs As shown in Table II , changing the coating concentration of glycol chitosan in the compositions significantly increased the drug encapsulation efficiency. In fact, the % encapsulation efficiency of Fe 3 O 4 -GC 3 had almost doubled compared to uncoated Fe 3 O 4 nanoparticles (from 34.02% ± 3.54% to 63.54% ± 3.4.65%). The % encapsulation efficiency and % drug loading decreased when GC concentrations higher than 0 75 × 10 −3 mmol were used (data not shown). This may be due to the saturation of the GC coating that prevented progesterone from penetrating though the GC network. Moreover, the progesterone-loading increased with increasing the surface coating (Table II) . Glycol chitosan is a self-assembled polymeric amphiphile, where the hydrophobic moieties are facing towards the core, and the hydrophilic moieties are facing towards the solution. 44 For this reason, GC is freely soluble in water at a wide pH range. 45 When GC encounters the hydrophobic progesterone, they are likely to form weaker interactions such as hydrogen bonding, hydrophilic/hydrophobic and electrostatic interactions. 45 46 These bonds are expected to be formed at the internal surface of the GC shell. Hence, progesterone will be encapsulated into the SPION core and GC shell. The more binding sites are available, the higher the chance for progesterone molecules to attach to GC. This suggests the increased loading % of progesterone with higher concentrations of GC coating.
The release profiles of progesterone from Fe 3 O 4 -GC SPIONs at pH 6.5 are presented in Figure 4(A) . For all surface coated magnetic nanoparticles, the initial burst release was observed within the first 3 h with 5% maximum cumulative progesterone released. This strongly corresponds to the release of drug adsorbed to the surface of the nanoparticles. GC-coated Fe 3 In nanoparticle drug delivery systems, polymer degradation plays an important role in the release of the drug. Since GC is soluble in water, it tends to degrade faster in hydrophilic solutions in a shear thinning behaviour, compared to other hydrophobic polymers. Also, the type of bonds and cross-linking of polymer to drug/nanoparticles greatly influence release rates. 47 Moreover, the combination of both drug diffusion and polymer degradation can play an important role in influencing the release rates of progesterone from GC-coated Fe 3 O 4 SPIONs. 48 
The Effect of pH on Progesterone Release
Profile from GC-Coated SPIONs The release of progesterone from Fe 3 O 4 -GC 3 was investigated at two different pH release media (6.5 and 7.4). The maximum cumulative released amount of progesterone (Day 15) was 72.02% at pH 7.4, while the cumulative released amount decreased to 30.00% at pH 6.5. However, similar release trends were observed for both, where the samples exhibited an initial fast burst release followed by relatively slower release till equilibrium was reached (Fig. 4(B) ). This could be explained by the swelling properties of glycol chitosan with the change in the pH of the release medium. 49 At relatively lower pH value (pH 6.5), the GC shell is protonated and swelled to block the pores in the Fe 3 O 4 -GC network structure; which explains the lower rate of drug permeation. On the other hand, the enhanced rate of drug release at pH value 7.4 was attributed to GC shrinkage, which was expected to result in less pore blockage in the Fe 3 O 4 -GC network structure (Fig. 4(C) ). Moreover, the permeation of progesterone through the GC shell itself increased due to the protonation of the free amino group at lower pH value. The pH change resulted in uncoiled and more elongated GC networks. In addition, the pH reduction of the release medium resulted in an increase in the internal osmotic pressure and mutual repulsion of the charged amino groups, which induced the uncoiling of the GC networks. 50 As mentioned above, the overall release rate of progesterone is dependent on its permeation through the pores between GC and Fe 3 O 4 , and the permeation of progesterone through the GC shell itself. The overall release rate increase at pH 7.4 may be explained by faster permeation of progesterone through the pores between GC and Fe 3 O 4 than through the GC shell itself.
Study of the Kinetics of Progesterone Release from GC-Coated SPIONs Though Various
Mathematical Models Mathematical investigation of progesterone release process was conducted by fitting the experimental data to 52 Baker-Lonsdale model proposes that the drug release was carried out through spherical non-homogenous polymeric matrix across the capillaries and fractures in the system. 53 Overall, it can be concluded that the release mechanism was a combination of drug diffusion from magnetic core as well as drug release due to the disintegration and deterioration of the polymeric matrix.
Cytotoxicity Study of Progesterone-Loaded
GC-Coated SPIONs Figure 5 (A) shows the dose-course metabolic activity of C3H10T1/2 cells treated with various concentrations of progesterone-loaded nanoparticles (25, 50, 75 , and 100 g/mL) with various coating concentrations of GC as determined by MTT assay. The uncoated nanoparticles did not show any significant difference in metabolic activity in all concentrations except for 100 g/mL of progesteroneloaded nanoparticles. For coated nanoparticles, only 25 g/mL demonstrated insignificant decrease, whereas 50, 75 and 100 g/mL had a significantly decreased metabolic activity in comparison to the untreated control but not significantly different from the bare nanoparticles. This suggests that the uncoated and unloaded SPIONs did not cause any cytotoxic effects to the cells. However, when the GC-coated Fe 3 O 4 nanoparticles are loaded with progesterone, it affected the metabolic activity of the cells at higher concentrations. Fe 3 O 4 -GC 1 showed the highest drop in metabolic activity compared to Fe 3 O 4 -GC 2 and Fe 3 O 4 -GC 3, this can be explained by the fast in-vitro release of progesterone in Fe 3 O 4 -GC 1 compared to the other coated samples within the first 24 hours (Fig. 4(A) , Table II ). The significant decrease in metabolic activity above 25 g/mL of progesterone-loaded GC-coated Fe 3 O 4 nanoparticles was probably due to the higher percentage of progesterone loading in the case of GC-coated nanoparticles versus the uncoated particles. By decreasing the progesterone-loaded GC-coated Fe 3 O 4 concentration in the culture media, the level of cytotoxicity decreased. Also, the time-course study ( Fig. 5(B) ) demonstrated the ability of the 10T1/2 cells to grow and function under the treatment with progesterone-loaded GC-SPIONs (25 g/mL). Cells were able to grow in a time-dependent manner for 96 h demonstrating the biocompatibility of the GCSPIONs in-vitro. Overall, the cytotoxicity study results had shown that the prepared GC-SPIONs are well tolerated by C3H10T1/2 cells.
CONCLUSIONS
Polymeric-metallic hybrid nanoparticles were prepared with different compositions of glycol chitosan. The invitro release study of progesterone-loaded Fe 3 O 4 -GC NPs in PBS demonstrated that slight changes in the pH of the release media yielded an increase in the rate of drug diffusion, due to the swelling behaviour of glycol chitosan at pH 6.5 and shrinking at pH 7.4. In addition, testing the metabolic cell activity of 10T1/2 cells under the treatment with unloaded and progesterone-loaded Fe 3 O 4 -GC NPs showed that the magnetic nanoparticles had good biocompatibility. The suggested dual stimuli-responsive nanoparticles can be a promising candidate for targeted and controlled drug delivery, owing to the magnetic properties of their magnetite core and the pH-responsive properties of their glycol chitosan shell.
